We investigate the photoinduced spin dynamics of single nitrogen-vacancy (N-V) centers in diamond near the electronic ground-state level anticrossing (GSLAC), which occurs at an axial magnetic field around 1024 G. Using optically detected magnetic resonance spectroscopy, we first find that the electronspin transition frequency can be tuned down to 100 kHz for the 14 N-V center, while, for the 15 N-V center, the transition strength vanishes for frequencies below about 2 MHz owing to the GSLAC structure. Using optical pulses to prepare and read out the spin state, we observe coherent spin oscillations at 1024 G for the 14 N-V center which originate from spin mixing induced by residual transverse magnetic fields. This effect is responsible for limiting the smallest observable transition frequency, which can span 2 orders of magnitude ranging from 100 kHz to tens of megahertz, depending on the local magnetic noise. A similar feature is observed for the 15 N-V center at 1024 G. As an application of these findings, we demonstrate all-optical detection and spectroscopy of externally generated fluctuating magnetic fields at frequencies ranging from 8 MHz down to 500 kHz using a 14 N-V center. Since the Larmor frequency of most nuclearspin species lies within this frequency range near the GSLAC, these results pave the way towards all-optical, nanoscale nuclear magnetic resonance spectroscopy, using longitudinal spin cross-relaxation.
I. INTRODUCTION
Detection and identification of spin species using established techniques such as magnetic resonance spectroscopy proves to have a host of applications in materials science, chemistry, and biology. However, these techniques are limited in sensitivity and thus require macroscopic ensembles of spins in order to produce a measurable signal [1] . A variety of techniques have been developed over the last decade to extend magnetic resonance spectroscopy to the nanometer scale [2] [3] [4] [5] [6] . Notably, methods based on the nitrogen-vacancy (N-V) center in diamond [7] have attracted enormous interest owing to their ability to operate under conditions compatible with biological samples [6, 8] . While significant progress has been made with N-V-based sensing in the last few years [5] , spectroscopy at the single nuclear spin level remains a major challenge [9] [10] [11] .
The detection of external spins with the N-V center is generally achieved through measuring the longitudinalspin-relaxation rate (T 1 processes) [12] [13] [14] [15] [16] or the transverse-spin-relaxation rate (dephasing, or T 2 processes) [15, [17] [18] [19] of the N-V center's electron spin, as they are sensitive to the magnetic field fluctuations produced by the target spins [20] [21] [22] . To obtain spectral information on the target spins, most studies to date have focused on using T 2 -based techniques, which have been applied to the spectroscopy of small ensembles of either electronic [23] [24] [25] [26] or nuclear spins [9, 11, [27] [28] [29] . However, spectroscopic information can also be obtained from T 1 processes, via cross-relaxation between a probe spin (the N-V center's electron spin) and the target spins [30] [31] [32] [33] [34] [35] [36] . The T 1 -based approach to quantitative spectroscopy introduced in Ref. [35] allows for nanoscale, all-optical, wideband magnetic resonance spectroscopy [36] . As such, it represents a promising alternative to T 2 -based approaches, as the latter require radio-frequency (rf) driving of the probe and/ or the target, which poses various technical challenges in addition to limiting the accessible frequency range.
In cross-relaxation spectroscopy, the T 1 of the N-V spin is monitored while we vary the strength of an applied axial magnetic field, B z [ Fig. 1(a) ]. When the transitional energy between two of the N-V eigenstates (generally j0 e i and j − 1 e i, where the number refers to the electron spin projection m e ) is equal to that of a target spin [ Fig. 1(b) ], cross-relaxation occurs, which results in an increase in the relaxation rate, 1=T 1 , of the N-V center [35, 36] . This increase can be measured by purely optical means, even for a single N-V center [13] [14] [15] [16] . By scanning across a range of magnetic field strengths, a resonance spectrum of the target spins can be obtained, which can be deconvolved to produce the target spin spectrum [35] . This technique was recently used to measure electronic-spin-resonance spectra of P1 centers within the diamond at magnetic fields of 460-560 G, corresponding to transition frequencies of 1300-1600 MHz [35, 36] . In order to detect nuclear magnetic resonances (NMRs), the N-V transition frequency must be matched to the Larmor frequency of the target nuclear spins [ Fig. 1(b) ], which is generally on the order of a few megahertz. This matching occurs when the states j0 e i and j − 1 e i approach degeneracy, at a magnetic field B z ≈ 1024 G. However, in this region, the N-V center experiences a complex ground-state level anticrossing (GSLAC) [Figs. 1(c) and 1(d)] [37] due to a hyperfine interaction of the N-V electron spin with its own nuclear spin (spin-1 14 N or spin- 15 N; stable spin-free isotopes of nitrogen do not exist), which also has a coupling strength of several megahertz. The hyperfine interaction causes spin mixing, which may prevent the N-V electron spin from being initialized and readout [38] . Therefore, a detailed understanding of the spin dynamics at the GSLAC is required to assess the potential for performing T 1 -based spectroscopy of nuclear spins, as was initially explored in Ref. [36] . While the GSLAC of the N-V center was previously studied and exploited in various works [37] [38] [39] [40] [41] [42] [43] [44] , there is little knowledge about how T 1 varies and how the spin dynamics (including optical initialization) behaves at transition frequencies relevant to T 1 NMR, close to the GSLAC. In this paper, we investigate the spin dynamics at the GSLAC for both 14 N-V and 15 N-V spin systems in various diamond samples. We begin by looking at the computed energy spectra of both spin systems and compare them to optically detected magnetic resonance (ODMR) measurements at their respective GSLACs. The short-time spin dynamics of the 14 N-V spin at the GSLAC are probed using optical pulses, revealing a feature at B z ≈ 1024 G which manifests itself in either coherent spin oscillations or in a simple polarization drop, depending on the sample. This feature is explained by spin mixing induced by residual transverse magnetic fields. The
15 N-V center shows a similar feature at B z ≈ 1024 G. Apart from these narrow features, we find that the spin polarization and the T 1 time remain essentially constant across the GSLAC, implying that the N-V center can be used to detect magnetic signals at low frequencies via T 1 measurements. Finally, we demonstrate one such application by performing all-optical spectroscopy of fluctuating magnetic fields generated at known frequencies, mimicking those of nuclear spins. This demonstration suggests that it is possible to perform NMR spectroscopy via longitudinal cross-relaxation near the GSLAC.
II. ENERGY LEVELS OF THE N-V CENTER AT THE GSLAC
The N-V spin system consists of a nitrogen atom adjacent to a vacancy in the carbon lattice of diamond. It comprises a pair of electrons (forming a spin-1 particle) and a nuclear spin, which is a spin-1 particle for 14 N-V and a spin- Fig. 1(a) ]. Owing to spin-spin interaction, the electronic spin states j AE 1 e i are split from j0 e i by D=2π ≈ 2.87 GHz. The degeneracy of the j AE 1 e i doublet can be lifted by the application of an external magnetic field along the N-V center's symmetry axis, defined as the z axis [ Fig. 1(b) ]. The j − 1 e i and j0 e i states cross at a field around B z ¼ D=γ e ≈ 1024 G (where γ e is the electron gyromagnetic ratio). However, hyperfine interaction with the nitrogen nuclear spin causes an avoided crossing, the GSLAC [the dashed box in Fig. 1(b) ], which is the main focus of this paper. The energy spectrum of the N-V electronic ground state near the GSLAC can be found by solving for the eigenvalues of the spin Hamiltonian. The relevant Hamiltonians for the 14 N-V and 15 N-V cases, expressed in units of angular frequencies, are
where S ¼ ðS x ; S y ; S z Þ is the electron spin operator, I is the nuclear spin operator, and γ n is the nuclear gyromagnetic ratio. [45] . In addition, the 14 N-V center has a quadrupole coupling with the strength Q=2π ¼ −5.01 MHz [45] .
The energy spectrum is obtained by evaluating the eigenvalues of the Hamiltonian at different axial field strengths B z and is shown in Fig. 1(c) for the 14 N-V center and Fig. 1(d) for the 15 N-V center. The manifold associated with the spin projection j þ 1 e i is not shown, as it lies about 6 GHz above the manifold spanned by j0 e i and j − 1 e i and does not contribute to the effects discussed in this paper. We thus consider only the six lower-energy states for the 14 N-V center, and the four lower states for the 15 N-V center. Away from the GSLAC, the eigenstates have well-defined spin projections along the z axis. In the electron-and nuclearspin space, we denote states as jm e ; m n i, where m e (m n ) is the electronic-(nuclear-) spin projection along the z axis. The hyperfine coupling between the N-V nuclear and electron spins results in a splitting of the nuclear-spin states for each electronic spin state due to the longitudinal component A ∥ . Near the GSLAC, the perpendicular component of the hyperfine (A ⊥ ) induces a mixing of some of the z-basis states. This effect is noticeable when the quantization energy between said states becomes of the order A ⊥ . In the case of the 14 N-V center, the states j0; þ1i and j−1; −1i do not mix, as they have no hyperfine coupling to any other state (due to their respective total spin projection being unique in this energy range [46] ) and, as such, they remain eigenstates. The rest of the N-V states are mixed: that is, the eigenstates are superpositions of z-basis states, creating an avoided crossing. The 15 N-V spin also exhibits mixing at the GSLAC. For example, the j0; −1=2i and j−1; þ1=2i states become mixed, while the j0; þ1=2i and j−1; −1=2i states remain eigenstates.
III. OPTICALLY DETECTED MAGNETIC RESONANCE AT THE GSLAC
Experimentally, one can probe the N-V energy spectrum using ODMR spectroscopy [47] . The spectrum is achieved by measuring the photoluminescence (PL) intensity of the N-V center while varying the frequency of an applied rf field, using a purpose-built confocal microscope with green-laser excitation [ Fig. 1(a) ]. The laser serves both to initialize the N-V in the electronic spin state j0 e i and to read out the spin state following a rf pulse, exploiting the fact that j AE 1 e i spin states emit less PL, on average, than j0 e i states [48] . Thus, ODMR allows us to probe the electron spin transitions j0 e i → j AE 1 e i. We record ODMR spectra for magnetic fields that vary, from 1018 to 1032 G, for single 14 N-V and 15 N-V centers in a high-purity diamond grown by chemical vapor deposition (CVD). The magnetic field is aligned with the N-V quantization axis to < 0.1°by relying on the angledependent PL intensity [38, 49] (see the experimental setup and related details in Ref. [36] ).
The results of the ODMR scans are shown in PL change (rel.)
ODMR spectra of (left panels) a 14 N-V and (right panels) a 15 N-V center, measured as a function of the axialmagnetic field strength near the GSLAC. The top panels show the electron spin transitions j0 e i → j þ 1 e i, while the bottom panels show j0 e i → j − 1 e i. Overlaid on the graph are the theoretical frequencies of all allowed or partly allowed (via spin mixing) transitions. However, dynamic nuclear-spin polarization makes some of the transitions dominant (shown as solid lines), with the other transitions having comparatively small or vanishing contrast (the dashed lines).
with the theoretical expectations for the allowed transitions (shown as black lines), it can be seen that only a limited number of expected transitions are observed experimentally. This result occurs because the nuclear spin is efficiently polarized under optical pumping near the GSLAC, owing to hyperfine-induced spin mixing. This dynamic nuclear polarization effect has been well documented for 14 N-V and 15 N-V centers at the excited-state level anticrossing (ESLAC) [50, 51] , and the effect has been observed for a strongly coupled 13 C spin at the GSLAC [42] . It originates from polarization transfer from the N-V electron spin (j − 1 e i → j0 e i due to optical pumping) to the nuclear spin (jm n i → jm n þ 1i) under near-resonant conditions. Using the relative strengths of the j0 e i → j þ 1 e i ODMR transitions (the top panels in Fig. 2 ), we find that the nuclear spin is polarized to > 90% into j þ 1 n i for this 14 N-V center across the whole range of fields scanned here. For the 15 N-V center investigated in Fig. 2 , the nuclear spin is polarized to > 90% in jþ1=2 n i up to B z ≈ 1026 G, but it becomes completely unpolarized above B z ≈ 1028 G.
We now discuss the ODMR spectrum of the j0 e i → j − 1 e i transitions (the bottom panels in Fig. 2 ). For the 14 N-V center, the spin is efficiently polarized in the state j0; þ1i, which remains an eigenstate at all fields. Away from the GSLAC, the only transition allowed is to the state with the same nuclear-spin projection, j−1; þ1i. However, near the GSLAC, the state j−1; þ1i becomes mixed with j0; 0i, which creates two eigenstates of the forms jþi ¼ αj−1; þ1i þ βj0; 0i and j−i ¼ βj−1; þ1i − αj0; 0i, where (jαj 2 ; jβj 2 ) continuously changes from (1,0) to (0,1) upon passing the GSLAC [38, 42] . This mixing results in an avoided crossing feature centered at B z ≈ 1022 G, around the transition frequency ω ≈ 5 MHz which corresponds to the quadrupole coupling Q. Conversely, there is little mixing at the allowed crossing at B z ≈ 1024 G, which means that the dominant transition here is j0; þ1i → j−1; þ1i. We observe clear ODMR signatures with resonance frequencies down to 100 kHz in this sample. This observation implies that the N-V spin could be resonantly coupled to most nuclear-spin species, which have Larmor frequencies ranging typically from 500 kHz to 5 MHz at this magnetic field. However, the minimum observable transition frequency is found to be highly sample dependent, as is discussed in Sec. IV.
On the other hand, the 15 N-V center exhibits a very different spectrum near the GSLAC (Fig. 2 , right-hand panels). Under optical pumping, it is efficiently polarized in the state j0; þ1=2i, which remains an eigenstate at all fields. The states it can transit to under rf driving are superpositions of the forms jþi ¼ αj−1; þ1=2i þ βj0; −1=2i and j−i ¼ βj−1; þ1=2i − αj0; −1=2i, where the avoided crossing is centered approximately around the initial state j0; þ1=2i [see Fig. 1(d) ]. As a result, the ODMR plot shows two transitions that bend upon approaching vanishing frequencies. They cross at a field B z ≈ 1024 G and a transition frequency ω 0 × =2π ≈ 2.65ð2Þ MHz, as determined from Fig. 2 . This crossing frequency can be analytically derived from diagonalizing the Hamiltonian (2) and equating the two relevant spin transition frequencies [52] , which yields
Incidentally, this equation allows the perpendicular component of the hyperfine interaction (A 0 ⊥ ) to be measured directly on a single 15 N-V center, which gives here A 0 ⊥ =2π ¼ 3.69ð3Þ MHz, in excellent agreement with the ensemble-averaged value of 3.65(3) MHz reported in Ref. [45] . The peculiar GSLAC structure of the 15 N-V center has important consequences for sensing. Specifically, the contrast of the transitions decreases rapidly for frequencies below ω 0 × , as they become forbidden. As a result, the 15 N-V center is not suited for detecting resonances below about 2 MHz under typical conditions. Most nuclear-spin species have transitions within this range, with an exception being hydrogen ( 1 H), which has a Larmor frequency of about 4.4 MHz at this field and could, in principle, be detected via crossrelaxation with a 15 N-V center.
IV. PHOTOINDUCED SPIN DYNAMICS AT THE GSLAC
We now investigate the spin population dynamics near the GSLAC. Our aim is to assess the possibility of measuring the longitudinal-spin-relaxation time (T 1 ), as required in order to perform cross-relaxation spectroscopy and detect nearby nuclear spins [36] . The T 1 time is typically measured by using laser pulses to initialize the N-V center into j0 e i, and to read out the remaining population of j0 e i after a variable delay t [ Fig. 3(a) ]. In practice, the PL signal is integrated at the start of the readout pulse (I s ) and normalized by the PL from the back of the pulse (I r ). The normalized signal I s =I r can be expressed as [48] I s I r ðtÞ ¼ a þ bP 0 ðtÞ; ð4Þ
where P 0 ðtÞ ¼ jh0 e jψðtÞij 2 is the population in j0 e i of the current spin state jψðtÞi, and a ≈ 1 and b ≈ 0.3 are constants. The resulting time trace ðI s =I r ÞðtÞ, therefore, allows us to estimate the initial population P 0 ð0Þ, which approaches unity under normal conditions [48] , as well as the evolution of the spin state under free evolution (in the dark). In general (away from the GSLAC or the ESLAC), the spin population exhibits a simple exponential decay towards a thermal mixture; i.e., P 0 ðtÞ ¼ Fig. 3(b) ]. In the following, we measure ðI s =I r ÞðtÞ for different evolution times t as a function of the axial magnetic field B z .
A. 14 
N-V centers
We first perform measurements of 14 N-V centers in an ultrahigh-purity CVD-grown diamond with isotopically purified carbon content (½ 12 C > 99.99%). In this sample, the main source of magnetic noise comes from the bath of the remaining 13 C impurities [53] . A scan across the GSLAC for a representative 14 N-V center is shown in Fig. 3(c) , where we probe three time points: t ¼ 2 μs, 10 μs, and 10 ms. When the N-V is far from the GSLAC crossing, an exponential decay is observed, as shown in the full time trace in Fig. 3(b) . This decay corresponds to phonon-induced relaxation, with a characteristic time T 1 ≈ 5 ms [32] . At the crossing at B z ≈ 1024 G, however, a sharp variation in signal is observed [ Fig. 3(c) ]. Here, the N-V spin undergoes population oscillations, as indicated by the drop of the 2-μs time point below the 10-ms point.
To understand this oscillation, we express the Hamiltonian (1) in the basis that contains the states that cross, fj0; þ1i; j − 1; þ1ig. In a magnetic field B ¼ ðB x ; B y ; B z Þ, the reduced Hamiltonian, H R , can be written as
where we introduce the axial detuning from the crossing, γ e δB z ¼ D − γ e B z − A ∥ , the transverse magnetic field,
, and the angle θ defined by tan θ ¼ B y =B x . The transverse field causes a mixing between j0; þ1i and j − 1; þ1i and opens an energy gap associated with a level avoided crossing. Assuming that optical pumping always initializes the N-V in the j0; þ1i state -and reads out the population in that same state-we then expect oscillations between j0; þ1i and j−1; þ1i that are mirrored in the PL when in the presence of a transverse magnetic field. Under these conditions, the probability of occupying the state j0; þ1i after an evolution time t following initialization is given by
The amplitude of the oscillation vanishes when the detuning is much larger than the transverse field (δB z ≫ B ⊥ ), far from the avoided crossing region. This regime is illustrated in Fig. 3(d) (the top curve) , which is recorded with a detuning δB z ≈ 0.2 G ≫ B ⊥ . On the other hand, near the avoided crossing where the amplitude is maximal, the frequency of the oscillation is expected to increase as B ⊥ is increased. This effect is tested through a series of measurements with varying transverse fields. The experiment involves using a permanent magnet to align the field at the 1024-G crossing so that no oscillations are detected. The permanent magnet is then moved in the transverse direction (x or y) to add a transverse field. The results are shown in Fig. 3(d the top down, resulting in faster oscillations. Although it is not possible to precisely calibrate the values of B ⊥ , a rough estimate can be obtained by comparing the measured PL drop as a function of B ⊥ to the data from Ref. [38] . One finds that the largest B ⊥ applied in Fig. 3(d) Damping of the oscillations is attributed to noise in the local magnetic field. In this sample, the noise comes predominantly from the bath of 13 C impurities. Examination of this interaction via the rotating-wave approximation shows that only the x-z, y-z, and z-z components of the dipole-dipole coupling to the N-V spin need be considered [54] . As such, the effective magnetic noise from the environment may be regarded as static over the short times, t, considered here. We assume that the field components δB z and B ⊥ are normally distributed with mean values hδB z i and hB ⊥ i and variances σ Fig. 3(d) ]. In other words, the damping of the 1024-G oscillations is mainly caused by the fluctuations in the transverse magnetic field. It is interesting to link this damping time T × to the dephasing time T Ã 2 measured in a free-induction-decay (FID) experiment [54, 55] . Under the same assumptions, the FID envelope takes the form e , on average [54] , which gives the relation
For the N-V center studied in Fig. 3 , the damping time of the 1024-G oscillations is T × ≈ 5-10 μs, estimated from the curves shown in Fig. 3(d) ; hence,
This time span is significantly shorter than the dephasing time T Ã 2 > 50 μs. We attribute the discrepancy mainly to drifts in the magnetic field applied during the measurements, which leads to our overestimating the damping rate 1=T × .
We now consider the case where the magnetic field is aligned along the N-V axis, i.e., hB ⊥ i ¼ 0. At the crossing when δB z ¼ 0, the averaged population hP 0 ðtÞi does not oscillate, but still decays with a characteristic time T × [see the inset in Fig. 3(d) ]. However, the amplitude of the decay decreases as δB z is increased. We define the width of the 1024-G feature, denoted ΔB × z , as twice the detuning δB z to apply to obtain a maximum population drop of 20%. We find numerically that ΔB × z ≈ 4σ B ⊥ , which can also be expressed as a function of T Ã 2 according to
For the N-V center studied here, we predict a width ΔB × z < 1 μT for a perfectly aligned background field. We note, however, that, in the measurements of Fig. 3(c) , the width is instead given by the residual transverse field [B ⊥ ≈ 0.3 G in Fig. 3(c) ], which could not be maintained to significantly smaller values for extended periods of time due to drifts in the applied magnetic field.
The observation of coherent oscillations at the GSLAC suggests a direct application to dc magnetometry. Indeed, the frequency of the oscillation is directly proportional to the strength of the transverse field, according to Eq. (6), assuming that δB z ≪ B ⊥ . For photon-shot-noise-limited measurements, the magnetic sensitivity is similar to that obtained by FID measurements [53] , with the advantage of being an all-optical technique (as no microwave or rf field is required).
We now compare the spin dynamics of 14 N-V centers at the GSLAC in different diamond samples. Of particular relevance to sensing applications are N-V centers implanted close to the diamond surface. We perform measurements of shallow N-V centers in a CVD-grown diamond with natural isotopic concentration (½ 13 C ¼ 1.1%). The N-V centers are created by implantation of N þ ions with an energy of 3.5 keV, followed by annealing, resulting in N-V centers at a mean depth of 10 nm [56] . Figure 4 (a) shows a scan across the GSLAC for a particular 14 N-V center. A reduction in the PL is observed at a field B z ≈ 1024 G, corresponding to the crossing discussed before. However, full time traces [shown in Fig. 4(b) ] now reveal a simple offset of the PL at the crossing, with no obvious oscillatory behavior. This behavior can be understood by the large magnetic noise originating from the surface, which results in a decay time T × shorter than the minimum probe time of t ¼ 1 μs (limited by the lifetime of the singlet state [48] ). The width of the feature in Fig. 4(a) is approximately 1 G (or approximately 3 MHz). By measuring various shallow N-V centers in the same sample, we find a range of widths of the 1024-G feature of 1 to 3 G (or 3 to 9 MHz). This variability is attributed to different local environments, especially because each N-V center sits at a different distance from the surface. For applications to the T 1 -based NMR spectroscopy proposed in Ref. [36] , this result implies that nuclear-spin species with large gyromagnetic ratios such as 1 H (Larmor frequency of approximately 4.4 MHz at 1024 G) can be resonantly coupled to a shallow 14 N-V center such as that measured in Fig. 4(a) . However, species with smaller gyromagnetic ratios such as 13 C (a Larmor frequency of approximately 1.1 MHz) are generally within the width of the crossing feature in the present sample, and could therefore hardly be detected via crossrelaxation. This realization motivates further progress in optimizing the coherence properties of shallow N-V spins, or devising ways to mitigate the effect of dephasing in T 1 measurements.
Finally, we measure the properties of 14 N-V centers at the GSLAC in two other settings: (1) deep 14 N-V centers in a CVD diamond with ½ 13 C ¼ 1.1%, where decoherence is dominated by the 13 C bath rather than by surface effects, and (ii) deep 14 N-V centers in type-Ib diamond grown by the high-pressure high-temperature method, where the main source of decoherence is the bath of electronic spins associated with nitrogen impurities [57] . Sample scans across the GSLAC are shown in Fig. 4(c 
B. 15 N-V centers
As previously discussed, the energy structure of the 15 N-V center at the GSLAC precludes it from accessing transition frequencies below about 2 MHz. Although this restriction limits the range of nuclear-spin species that could be resonantly coupled to the 15 N-V center, the highly relevant 1 H remains accessible. It is, therefore, important to test the ability to measure the T 1 of 15 N-V centers near the GSLAC.
As in the 14 N-V case, we record PL scans across the GSLAC with different evolution times, t. For this study, the measurements are performed on shallow 15 N-V centers in a CVD diamond only, as this sample is the most relevant one for sensing applications. The implantation energy is 3.5 keV and the concentration of 13 C is 1.1%, similar to the diamond used in Fig. 4(a) . Figure 5 the contrast of the decay is significantly smaller at B z ≈ 1024 G. This result is due to the initial population being lower, as can be seen from the drop of signal at short time scales [ Fig. 5(c)] . This 1024-G feature is consistently seen in most of the 15 N-V centers investigated, exhibiting a variety of amplitudes and widths. At this field, the dominant N-V transition has a frequency of approximately 4.3 MHz. This feature is 1 G beyond the 1023-G crossing observed in the ODMR (see Fig. 2 ), when the N-V transition frequency is ω 0 × ≈ 2.65 MHz. To understand this 1024-G feature, we consider the energy-level structure shown in Fig. 1(d) . As mentioned previously, under optical pumping near the GSLAC, the 15 N-V center is efficiently polarized in the state j0; þ1=2i. This state crosses the state j − 1; −1=2i precisely at 1024 G. These two states cannot be coupled directly by a transverse magnetic field because they have distinct nuclear-spin projections. However, they are indirectly coupled to each other via transverse-field-enabled coupling to the other two hyperfine-mixed states, which are superpositions of j0; −1=2i and j − 1; þ1=2i. This situation is illustrated in Fig. 5(d) , which shows the computed energy levels as a function of B z in the presence of a finite transverse field (here, B ⊥ ¼ 0.3 G). The transverse field opens a gap between j0; þ1=2i and j − 1; −1=2i at 1024 G. As a consequence, they become mixed states which can give rise to coherent spin oscillations since optical pumping initializes the N-V center in the j0; þ1=2i state. This situation is reminiscent of the 14 N-V case, where the 1024-G feature is due to an avoided crossing between two states coupled via a transverse magnetic field. The main difference here is that the coupling is indirect, mediated by two intermediate states. In the presence of magnetic noise, the coherent oscillations between the two coupled states are expected to be averaged out and appear as a decrease of the initial spin population, as we observe experimentally in this sample [ Fig. 5(c) ]. We note that a transverse-field-induced coupling also occurs at B z ≈ 1027 G, between j0; þ1=2i and jþi ≈ j0; −1=2i [whose crossing is visible in Fig. 1(d) , where no transverse field is included]. This coupling explains why the dynamic nuclear-spin polarization becomes ineffective around this field, as discussed in Sec. III (see Fig. 2 ).
An unfortunate consequence of the 1024-G feature of the 15 N-V center is that resonant coupling with a 1 H spin would normally occur very close to 1024 G since the Larmor frequency of 1 H is approximately 4.36 MHz at this field. Therefore, any signature of 15 N-V − 1 H coupling would be overwhelmed by this strong intrinsic feature. It should be noted, however, that cross-relaxation resonances with nuclear spins should occur on both sides of the GSLAC [36] [see Fig. 1(b) ], so that 1 H can still be detected before the GSLAC, at a magnetic field B z ≈ 1022 G. Moreover, improving the coherence properties (i.e., reducing the noise) of shallow N-V centers should significantly reduce the width and the amplitude of the 1024-G feature.
V. ALL-OPTICAL MAGNETIC-NOISE SPECTROSCOPY
By scanning the magnetic field across the GSLAC, we show that the transition frequency of the 14 N center can be tuned down to frequencies as low as 100 kHz in diamond samples with low intrinsic magnetic noise. This value is approximately an order of magnitude below the transition frequencies exhibited by nuclear species (e.g., 13 C) at 1024 G, thus creating the possibility for performing alloptical NMR spectroscopy by detecting cross-relaxation events between a probe N-V spin and target nuclear spins [36] . When the N-V transition frequency is matched to the nuclear Larmor frequency, the fluctuating nuclear field will cause the N-V spin to relax faster, translating into a decreased longitudinal relaxation time, T 1 .
In order to test the possibility of detecting fluctuating magnetic fields near the GSLAC, we generate a local magnetic field by running an oscillating current through a wire placed in proximity to the diamond. To mimic nuclearspin detection, we apply signals at various frequencies: 8 MHz, 4 MHz (approximate for 1 H or 19 F), 1 MHz (approximate for 13 C), and 500 kHz (approximate for 2 H or 17 O). The alternating current is modulated in amplitude and phase to ensure that the N-V center is not coherently driven but experiences noise from a randomly fluctuating current around a given frequency, similar to the signal from a possible target nuclear spin. The amplitude of the current is adjusted to obtain a root-mean-square field strength of Fig. 3 . For each scan, a magnetic noise is generated at central frequencies of 8 MHz, 4 MHz, 1 MHz, and 500 kHz, respectively (from the top down). The root-mean-square amplitude of the applied field is 1 μT. The curves are offset from each other for clarity.
1 μT, which corresponds approximately to the field generated by a dense organic sample of nuclear spins located at a 5-nm standoff distance [9] . The probe time is set to t ¼ 10 μs to maximize the PL contrast. The resulting spectra (PL as a function of B z ), measured on a deep 14 N center in an isotopically purified CVD diamond, are shown in Fig. 6 . While all frequencies are clearly detected after the GSLAC, the 4-and 8-MHz peaks are significantly weaker before the GSLAC. This effect is due to the N-V transitions being very weak in the (4-8)-MHz region because of the avoided crossing, as discussed previously (see Fig. 2 ). Past the GSLAC, however, there is no issue measuring any frequency, and thus NMR spectroscopy would be possible in this region for most commonly found nuclear-spin species. We note that the width of the resonances is governed here by the amplitude of the applied field ( 1 μT) through power broadening. Weaker signals produce narrower lines, down to the limit of spectral resolution imposed by spin dephasing, approximately 1=T Ã 2 [35] , which is < 20 kHz in this sample. Reaching this limit is not possible in our experiment due to limited precision and stability of the applied magnetic field. This situation could be improved by using, e.g., an electromagnet [44] .
VI. CONCLUSIONS
In this work, we investigate the photoinduced spin dynamics of N-V centers near the GSLAC. For the 14 N-V center, the spin transition frequency can be tuned down to values as low as 100 kHz in high-purity diamond. At the crossing (1024 G), we observe coherent spin oscillations caused by spin mixing induced by residual transverse magnetic fields. This spin mixing, in turn, limits the minimum accessible transition frequency exhibited by the environment. Measurements with shallow 14 N-V centers show that frequencies compatible with nuclear-spin signals (1-5 MHz) are within reach. For the 15 N-V center, the minimum transition frequency that is practically accessible is on the order of 2 MHz, governed by the avoided crossing intrinsic to the 15 N-V hyperfine structure. The 15 N-V center also exhibits a crossing feature at 1024 G, which is induced by transverse magnetic fields via an indirect hyperfine-mediated process. With this detailed understanding of the low-frequency spin dynamics around the GSLAC, we demonstrate all-optical spectroscopy of externally generated magnetic noise with frequencies ranging from 8 MHz down to 500 kHz, mimicking signals produced by precessing nuclear spins. This work thus paves the way towards all-optical, nanoscale NMR spectroscopy via cross-relaxation.
